Interactions among seed-feeding insects are well noted in the literature, with many of these interactions being asymmetrical and causing a disadvantage for one of the species involved. While often effective, the use of the cumulative stress approach to biological control (where multiple natural enemy species are released) may increase the risk of interaction, which may lead to less effective biological control programs. Spotted knapweed (Centaurea stoebe ssp. micranthos (Gugler) Hayek) is an invasive plant that causes damage in rangelands and pastures. In Arkansas, two biological control agents for spotted knapweed, Larinus minutus Gyllenhal and Urophora quadrifasciata Meigen, are established. Both species attack the capitula of spotted and diffuse knapweeds. There is potential for interactions between these species, and this could affect the efficacy of the biological control program. To evaluate these potential interactions, we collected spotted knapweed capitula weekly from three sites in Arkansas from 2010 to 2012. Capitula were monitored for emergence of L. minutus and U. quadrifasciata, and the effect on seed reduction was analyzed. Over all three years, L. minutus and U. quadrifasciata were present in 35.8% (492) and 22.8% (313) of the capitula, respectively. We determined that the occurrences of L. minutus and U. quadrifasciata were not independent of each other, and that L. minutus is more effective at reducing spotted knapweed seed production than U. quadrifasciata within individual capitula. Seed production in capitula with both natural enemies present was no different from capitula with L. minutus.
Phytophagous insects are often used to manage populations of weedy plants, through biological control. The objective of biological control of weeds is to add stress to the plant through the effects of herbivores, reducing densities of the weed. One approach includes introducing multiple species of herbivores (Harris 1980) , or a cumulative stress approach, to provide complementary herbivory and increase the likelihood of successful control. However, the interactions among the species could also be negative, such as through competition. Interactions among phytophagous insects are often asymmetrical, resulting in a disadvantage for one of the species involved (Denno et al. 1995, Kaplan and Denno 2007 ). An overall reduction in herbivory resulting from competitive interactions may limit the success of biological control programs. Thus, understanding the impact among a plant's natural enemies may enhance success of a biological control project.
Knapweeds (Asteraceae) are a group of Old World plants that were accidentally introduced to North America. Two species, diffuse knapweed, Centaurea diffusa L., and spotted knapweed, Centaurea stoebe ssp. micranthos (Gugler) Hayek, were introduced in the late 1800s. Spotted knapweed now infests >3 million ha in the United States (DiTomaso 2000) , causing increased soil surface runoff (Duncan 1997 , Westbrooks 1998 , reduced native plant diversity, and less forage available for cattle, thus decreasing the value of invaded rangelands (Sheley and Petroff 1999, MacDonald et al. 2003) . Spotted knapweed has spread to the southeastern and southcentral United States, including the state of Arkansas (Kovach 2004 , Minteer 2007 , Duguma 2008 . Unlike the infestations of rangelands in the western United States, spotted knapweed in Arkansas is a weed of pastures and ruderal areas (Lacey et al. 1986 , Story 2002 , Minteer 2007 .
A biological control program for diffuse and spotted knapweeds in North America was begun in the 1960s, which led to the establishment of 13 species of insect natural enemies in the United States and Canada (Story 2002 Arkansas: Urophora quadrifasciata Meigen (Diptera: Tephritidae), and two weevils (Coleoptera: Curculionidae), the seed-feeding Larinus minutus Gyllenhal and the root-feeding Cyphocleonus achates Fahraeus (Duguma 2008 , Minteer et al. 2012 ). Both U. quadrifasciata and L. minutus feed and develop inside the capitula (seedhead) of the plant.
Urophora quadrifasciata was first detected in Arkansas in 2006 (Duguma 2008) , having spread adventitiously from areas in the western United States where it was established. The fly oviposits under the bracts of mature, but still unopened, spotted knapweed flower buds (Harris 1980 , Rees and Story 1991 , Burkhardt and Zwö lfer 2002 , typically starting in mid-May in Arkansas. Eggs hatch in 3-4 d, and development through three instars takes $3 wk (Harris and Shorthouse 1996, Nowierski et al. 2000) . Larvae feed and develop inside the ovary of the capitulum and form a thin, papery gall within the ovary (Story 2002 , Duguma 2008 . Urophora quadrifasciata is multivoltine and has up to three generations in Arkansas (Duguma et al. 2009 ). Adult emergence occurred from April to October, with peak emergence of the second and third generations in late June and July, respectively. Duguma et al. (2009) recorded emergence of up to 12 adult flies per capitulum, and also showed that 11.1, 33.7, and 56.8% of offspring of the first, second, and third generations (respectively) entered diapause and overwintered in capitula, and then emerged as adults the following year. Despite its wide distribution, U. quadrifasciata alone has not been shown to be effective in reducing spotted knapweed seed production or plant density (Seastedt et al. 2007 , Duguma 2008 .
Larinus minutus was first released into the United States in 1991 (Story 2002) , and was introduced to Arkansas in 2008 (Minteer 2012) . In Arkansas, L. minutus is univoltine. Adult weevils overwinter in the leaf litter and become active in late April to early May (Minteer 2012) . Adult weevils feed on spotted knapweed vegetative stems until flowering occurs; however, weevils feed mostly on flowers once they are available (Groppe 1990) . Mating occurs throughout the growing season and oviposition occurs in newly opened flower heads, typically late May to early June in Arkansas. Eggs hatch in 3-4 d and development through three instars takes $4 wk (Groppe 1990) . Larvae feed within a capitulum on developing seeds and pupate in the capitulum, making a cocoon out of the capitulum material (Kashefi and Sobhian 1998) . In Arkansas, adult weevils emerge from the capitula in mid-July and feed on plants until winter (Minteer 2012) .
Larinus minutus and U. quadrifasciata overlap in their distribution in Arkansas, and both feed on seeds within knapweed capitula. Further, the two species overlap temporally in adult emergence-L. minutus in mid-July and U. quadrifasciata in late June and July. Oviposition of U. quadrifasciata occurs earlier in a capitulum than does the oviposition of L. minutus; however, larval development time in the capitulum overlaps for the two species, and so interaction within a capitula is probable (Harris 1980 , Groppe 1990 , Rees and Story 1991 , Duguma et al. 2009 , Minteer et al. 2014 . The temporal and spatial cooccurrence of the two species presents the potential for interactions.
Previous studies in British Columbia, Canada, and Montana, United States have described the interactions between L. minutus and a different tephritid species, Urophora affinis Frfld., as well as between L. minutus and Urophora spp. (U. affinis and U. quadrifasciata together; Crowe and Bourchier 2006, Seastedt et al. 2007 ). Although larvae of both U. affinis and U. quadrifasciata form galls inside knapweed capitula, their biology differs greatly. Urophora affinis is univoltine and forms a hard, woody gall inside the plant's receptacle tissue (Story 2002) , whereas the multivoltine U. quadrifasciata larvae form a thin, papery gall within the ovary (Story 2002 , Duguma 2008 ). Like U. quadrifasciata, U. affinis is not effective in reducing knapweed densities on its own (Powell 1990 ). However, U. affinis was shown to be a significant contributor to seed reduction over a 30-yr period at sites in Montana, with several other seed-feeding natural enemies present (Story et al. 2008) .
In a cage study, U. affinis was shown to negatively affect the number of L. minutus eggs deposited on or in a capitulum, but L. minutus did not affect U. affinis (Crowe and Bourchier 2006) . Where both L. minutus and U. affinis occurred, more capitula were attacked, but fewer seeds were destroyed, compared with areas with L. minutus alone (Crowe and Bourchier 2006) . Because U. affinis and U. quadrifasciata differ in their life histories, gall structure, and gall location, their study (Crowe and Bourchier 2006) may not accurately describe the interactions between U. quadrifasciata and L. minutus, nor predict any effects on the efficacy of the herbivores. Seed production is also much higher in Arkansas (x ¼ 2,273, 1,495, and 1,856 seeds/m 2 in 2010, 2011, and 2012, respectively; C.R.M., unpublished data) than it is in Montana (x ¼ 143, 365.5 seeds/m 2 , dependent on site in 2005; Story et al. 2008) .
The objectives of this field study were to determine the extent to which L. minutus and U. quadrifasciata co-occur within the capitula of spotted knapweed and, if so, whether their cooccurrence results in a change in seed production in Arkansas. We hypothesized that spotted knapweed capitula with only L. minutus present would produce fewer seeds than capitula with either no natural enemies, U. quadrifasciata alone, or L. minutus and U. quadrifasciata together based on the temporal and spatial cooccurrence of these two species within the capitula and the demonstrated ability of L. minutus to reduce seed more effectively than U. quadrifasciata (Seastedt et al. 2007 , Duguma 2008 . Here, we report the results of the study of interactions of the two herbivores, and suggest the possible impact on biological control efforts.
Materials and Methods
Three sites in Washington County, AR, were selected for this study. All sites were within 20 km of each other. Two sites (Greenland and West Fork) were located along roadsides, and the third site was at the Arkansas Agricultural Research and Extension Center (AAREC). Releases of L. minutus were made at these sites in 2008 or 2009, and establishment of L. minutus was confirmed at each of the sites before data collection. Urophora quadrifasciata was present at all sites before L. minutus releases were made. Because the area in Arkansas in which the root-feeding weevil, C. achates, occurs does not overlap with that of L. minutus, C. achates was not included in this study. Little to no management of the sites occurred during the study, except for mowing (three times per year) in the general area of the roadside sites by the Arkansas Department of Transportation. Mowing did not occur in the study sites.
In 2012, Washington County was considered under "severe" to "extreme" drought, based on the Palmer Hydrological Drought Index. In 2012, one of the roadside sites (West Fork) had few to no reproductive spotted knapweed plants, so the site was omitted from the 2012 analysis. One of the two remaining sites (AAREC) was irrigated in 2012 at a rate of 2.5 cm/wk to provide plants with near normal "rainfall" for the season. The third site (Greenland) was not irrigated in 2012, but yielded reproductive plants.
Each year, mature capitula were randomly collected weekly from each site. Special care was taken to collect capitula from plants throughout each site and from varying heights on the plants (low, mid, and high). Collections occurred from the first week that capitula matured ($May) and continued until no suitable capitula were available ($September). Capitula were considered mature when the bracts had started to turn brown and flowers had senesced, but the capitula had not yet opened (thus avoiding loss of seeds before sampling). Although capitula were sampled over a 4-mo period, each capitulum was mature-and available for collection-only during a brief period. In 2010, weekly collections of 15 mature capitula per site were made, whereas the number of capitula collected weekly was increased to 30 per site in 2011 and 2012. Capitula were placed individually into plastic 30-ml diet cups, covered with a cardboard lid, and held in a laboratory (22 C and a photoperiod of 14:10 [L:D] h). Emergence of insects from capitula was monitored weekly during periods of high emergence (summer and fall) and every other week during periods of low emergence (winter). Monitoring emergence began one week after collection and continued until spring of the following year. All insects that emerged from a capitulum were removed from the cup, the species recorded, and the lid replaced.
In the spring of the year following collection, capitula were dissected to determine the numbers of seeds and presence of unemerged insects. Capitula with no seeds and no insects were eliminated from the analysis, as it was determined that these capitula were either harvested before seed development or that fertilization had not occurred.
A two-way, mixed effects (insect presence and year) ANOVA was used to determine the effect of L. minutus and U. quadrifasciata on the total number of seeds produced in the capitula, once it was determined that site was not a significant factor. Frequency of the presence or absence of L. minutus and U. quadrifasciata was also analyzed for both groups using a Fisher's exact test to determine if the occurrence of insects in the capitula deviated from those expected if random selection of capitula by each insect species was assumed. All data were analyzed using R v3.2.1 (R Development Core Team 2008, SAS Institute Inc. 2011).
Results
Overall, about 62% (849/1,373) of the capitula collected were infested by one or both of the insects (Table 1 ). The average numbers of each species infesting capitula were similar across all three years of the experiment (L. minutus only: x ¼ 1.1 6 0.01 L. minutus per capitulum; U. quadrifasciata only: x ¼ 2.2 6 0.1 U. quadrifasciata per capitulum; both insect species: x ¼ 1 6 0.02 L. minutus per capitulum, x ¼ 1.6 6 0.01 U. quadrifasciata per capitulum). A majority of insects within the capitula collected emerged naturally. A small portion of capitula (<1%) contained unemerged adult L. minutus or U. quadrifasciata and an even smaller percentage contained unemerged, late-stage larval U. quadrifasciata. These capitula were included in the analysis, as it was assumed that feeding within the capitula was complete for the adult insects and nearly complete for the late-stage larvae.
Infestations of U. quadrifasciata were more common than that of L. minutus in 2010, but L. minutus was more prevalent in 2011 and 2012. Over all three years, L. minutus and U. quadrifasciata were present in 35.8% (492) and 22.8% (313) of the capitula, respectively. Simultaneous infestation of capitula by both species was uncommon in all three years, representing <4% of all capitula (44/1,373; Table 1 ). Fisher's exact tests on insect presence in capitula for each year confirmed that the distribution of these insect species in spotted knapweed capitula was not random, and L. minutus and U. quadrifasciata were not independent of each other (P < 0.0001 for each year).
Average numbers of seeds produced in infested (insects present) and uninfested (insects absent) capitula were recorded for each year (Table 2 ). Preliminary statistical tests indicated that there was no difference among sites, and so data were pooled across sites. Insect presence (F ¼ 160.03; df ¼ 3; P < 0.0001) and year (F ¼ 29.16; df ¼ 2; P < 0.0001) significantly influenced the number of seeds in knapweed capitula. There was a significant insect and year interaction (F ¼ 6.76; df ¼ 6; P < 0.001), and so three follow-up ANOVAs were run by year. All three years, 2010 (F ¼ 21.24; df ¼ 3; P < 0.0001), 2011 (F ¼ 102.4; df ¼ 3; P < 0.0001), and 2012 (F ¼ 28.83; df ¼ 3; P < 0.0001) showed significant insect effects.
Based on significant insect main effects, post hoc Tukey's HSD tests were run for each year. In all three years, capitula containing no insects produced more seeds than capitula containing L. minutus or both L. minutus and U. quadrifasciata combined (P < 0.001; Table 2 ). In 2010 and 2012, uninfested capitula produced more seeds than those infested by either insect or both species combined, whereas in 2011, there was no difference in seed production between uninfested capitula and capitula containing U. quadrifasciata. Most importantly, there were no significant statistical differences (Table 2 ).
Discussion
The infestation rate of capitula by natural enemies in this study (62%) was considerably lower than reported in the Pacific Northwest (95-98%, Story et al. 2008) . The lower rate seen in the present study may be the result of environmental differences between the regions or differences in species complexes (only two species in this study versus five species in the study by Story et al. (2008) ). In addition, the time since establishment of U. quadrifasciata and L. minutus in Arkansas is considerably shorter than the time since establishment in the Pacific Northwest. Infestations of capitula by U. quadrifasciata were more common than by L. minutus in 2010, outnumbering L. minutus 2:1. However, the relative proportions of the two species were reversed in 2011 and 2012. It is possible that the decreased prevalence of U. quadrifasciata relative to L. minutus could be the result of competition among larvae within the capitula or among adults for oviposition sites. However, only 62% of capitula were attacked by any insect, so there were still capitula that had not been attacked. However, the decrease in relative abundance may simply reflect the increase in abundance of L. minutus as that species became more established in the study area. Larinus minutus was first released one year before the start of this project at two of the study sites. Weekly sweep-net samples at each site showed that the numbers of L. minutus increased at each site from 2010 to 2012 (Minteer et al. 2014 ). Infestation of capitula by both species was uncommon in all years, representing <4% of all capitula. If the capitula were randomly selected by each insect species, then the percentage of capitula containing both insects would be expected to be the product of the individual percent infested. Thus, one would expect 8.1% of the capitula (0.228 Â 0.358) to produce both species, more than double the 3.2% that we observed (Table 1) .
The small number of capitula with both natural enemies present could be due to the short amount of time since the introduction of L. minutus. However, low numbers could also be due to larval predation of U. quadrifasciata, as noted in the literature both for predation of U. quadrifasciata (Seastedt et al. 2007 ) and U. affinis (Smith and Mayer 2005) by L. minutus, in which case the actual number of capitula with both insects present would have been artificially reduced due to our data collection protocol (dissection of capitula after adults emerged). Smith and Mayer (2005) also reported low numbers of capitula with simultaneous infestation of L. minutus and U. affinis (3/816 capitula).
Interactions both outside and inside the capitula have been recorded between L. minutus and other Urophora species (Crowe and Bourchier 2006, Seastedt et al. 2007) , and with Metzneria paucipunctella Zeller (Lepidoptera: Gelechiidae) and both Urophora species in spotted knapweed . However, competition among adults for oviposition sites has not been noted between the two species. Crowe and Bourchier (2006) reported that infestation by U. affinis was significantly associated with fewer capitula attacked by L. minutus. Different types of investigation would need to be conducted to determine the basis of the interaction between U. quadrifasciata and L. minutus, if it exists.
Interactions among species in the same feeding guild are not rare occurrences (Prokopy 1972 , Mappes and Mäkelä 1993 , Denno 1995 . In biological control, interactions are only of consequence if they cause a reduction in the efficacy of either natural enemy (Ehler and Hall 1982, Crowe and Bourchier 2006) . In this study, L. minutus seems to have greater impact on seed reduction than U. quadrifasciata and this supports the findings of previous studies (Seastedt et al. 2007 , Duguma 2008 . Overall, capitula not infested by insects produced an average of 13.6 (60.36) seeds. The number of seeds resulting from capitula infested with Urophora quadrifasciata was lower, with an average of 10.9 (60.45) seeds, although not as low as the capitula with L. minutus (x ¼ 4.5 6 0.24) or capitula with both insects 4.18 (60.81). However, the number of seeds produced and the differences among groups varied by year (Table 2) .
Studies on the interactions between U. affinis and L. minutus have reported conflicting results Mayer 2005, Crowe and Bourchier 2006) . Smith and Mayer (2005) found that the presence of L. minutus in areas with U. affinis did not significantly reduce seed production when compared with regions with U. affinis alone; this may have been an effect of low weevil attack rates and high variation among replicates. Crowe and Bourchier (2005) , however, found that the proportion of seed destroyed in cages with L. minutus only were significantly higher than that of cages with L. minutus and U. affinis. In the present study, there were no differences among capitula with L. minutus or capitula with both L. minutus and U. quadrifasciata. The differences in results among these three studies illustrate the difficulty in accurately measuring the effect of the interaction among L. minutus and Urophora spp. on seed reduction in this system. It was suggested by Crowe and Bourchier (2006) that the difference in relative densities of insects between studies could be a factor in the difference in seed numbers. Other factors that may contribute to the differences between the present study and previous studies could be the differences in life history, gall placement, and gall construction between U. affinis and U. quadrifasciata or differences in the climate and seasonality among the geographic locations.
Drought could also have had a profound impact on the interactions and the effect on seed destruction among insects or groups of insects. In 2012, the area was under severe drought, which may have added stress to the plant and affected the numbers of seeds produced. It is also important to note that below average precipitation can amplify the effects of biological controls in knapweed (Maines et al. 2013) .
Even with the differences among the effects of insect combinations among years, our study further demonstrated that L. minutus was more effective at reducing the numbers of seeds than was U. quadrifasciata. These results agree with previous studies with L. minutus and U. affinis (Crowe and Bourchier 2006 ) that found fewer seeds were destroyed in areas with both U. affinis and L. minutus compared with areas with only L. minutus.
With the prevalence of competition between phytophagous insects in internal feeding niches (e.g., seed feeders), it is important to understand interspecific interactions when multiple species are used for biological control of invasive weeds. Interaction among introduced species does not necessarily preclude introducing potential competitors in classical biological control programs; even if the level of competition can be known before release, the impact of competition on the overall level of control should be the determinant on making agent-selection decisions. Studies on interactions among multiple biological control agents (seed-and root-feeding) in spotted and diffuse knapweeds have determined that while some antagonistic interactions occur among the natural enemies present, they are not strong enough to undermine successful control of the Centaurea species (Seastedt et al. 2007 ). In the present study, the presence of both seed feeders did not appear to affect the impact of L. minutus in reducing spotted knapweed seed numbers, as there were no differences in the numbers of seeds in capitula containing L. minutus alone or L. minutus with U. quadrifasciata. However, because of the limited amount of time in which the two species have interacted in Arkansas, it is too early to determine whether the presence of U. quadrifasciata will be detrimental to the impact of L minutus on spotted knapweed.
